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A STUDY OF ENGINEERED NANOPARTICLES AS POTENTIAL 
FOOD CONTAMINANTS AND THEIR TOXICITY ON CACO-2 
CELLS 
Xiaomo Mao 
Dr. Mengshi Lin, Thesis Supervisor 
ABSTRACT 
There has been growing interest in recent years in using engineered nanoparticles 
(ENP) in various fields such as electronics, agriculture, medicine, cosmetics, and food 
packaging. However, little is known about the toxicity of ENP as food contaminants 
and there has been increasing concern about their safety via ingestion that may pose 
health risks to consumers. In this study, confluent cells of enterocyte-like Caco-2 cell 
line were used as an in vitro model to investigate the toxicity of ENP. The Caco-2 
cells were exposed to zinc oxide nanoparticles (ZnO NPs) and silver nanoparticles 
(Ag NPs) for 24 h. After exposure, cells were subjected to the MTT cell proliferation 
assay to determine the effect of the ENP on cell viability based on reduction of 
tetrazolium salts. Absorbance was read at 570 nm. A significant inhibition of cell 
viability was observed at three different concentrations of ZnO NPs (1, 3, 6, and 12 
mM), Ag NPs (0.1, 0.5, 1.5, and 3 mM). To mimic pH changes in the human digestive 
system, ZnO and Ag NPs were incubated under low pH (~1.2) for 3 h, neutralized NP 
solutions were adjusted to experimental concentrations and then dosed to Caco-2 cells. 
Our results demonstrate that simulated gastric fluid (SGF) treatment totally decreased 
viii 
the toxicity of ZnO NPs and the changes in their physical and chemical properties 
may be an important factor. The SGF treatment in Ag NPs has little effect on cell 
viability as compared to the control group. In addition, the penetration of NPs in 
Caco-2 cells was investigated by scanning transmission electron microscopy (STEM). 
The results demonstrate that Ag NPs penetrated the membrane of Caco-2 cells and 
into the cytoplasm. The energy dispersive X-ray spectrometer (EDS) results confirm 
that the elemental composition of NPs was of Ag element. However, the penetration 
of ZnO NPs was not observed for the Caco-2 cells treated with ZnO NPs probably 
due to bigger size of ZnO NPs.  
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
Nanotechnology is one of the fastest growing areas of science and technology 
and it usually consists of the manufacture, manipulation, and applications of materials 
that have one or more dimensions sized from 1 to 100 nanometers (Das and others 
2008). Nanotechnology and nanomaterials have been applied in electronics, 
agriculture, medicine, cosmetics and other areas (Sozer and Kokini 2009). Tens of 
millions of dollars are estimated to be spent in a global market on applying 
nanotechnologies to the food industry and other areas (Sekhon 2010).  
Engineered nanoparticles (ENP), such as metallic or metallic oxide nanoparticles 
have gained much interest in recent years (De Jong and Borm 2008; Radad and others 
2012). For example, zinc oxide (ZnO) and silver (Ag) nanoparticles (NPs) are known 
for their antimicrobial properties and have been incorporated in the packaging 
materials (Sekhon 2010; Gerloff and others 2009). In the food industry, many 
applications of nanotechnologies have been reported, for instance, using 
nanomaterials as bioactive compounds (Chau and others 2007) or as novel food 
packaging materials to improve food safety and extend shelf-life (Gerloff and others 
2009). 
Owing to the larger surface area of nanomaterials than large particles of the same 
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chemical composition per unit, NPs are expected to have greater effect and biological 
activity. Previous studies demonstrate that one of the important routes for ENP to 
enter human body is through gastrointestinal (GI) tract. Following exposure, ENP can 
across the intestinal epithelium to blood stream, follow by the uptake by organs such 
as liver, brain (De Berardis and others 2010), lung (Radad and others 2012), which 
may potentially lead to serious diseases in humans. Therefore, there has been 
mounting concern about the safety of ENP that may pose health risks to consumers. 
Today, little is known about the cytotoxicity of ENP via ingestion exposure (De 
Berardis and others 2010; Wang and others 2008). Hence, there is an urgent need to 
investigate the potential cytotoxic effects of ENP on intestinal epithelial cells. 
 
1.2 Objectives 
The aim of this study was to investigate the potential cytotoxic effects of ENP on 
intestinal epithelial cells during a simulated digestion process if foods contaminated 
with ENP are consumed. In this study, we used the human colon epithelial cell line, 
Caco-2, as an in vitro model to evaluate the toxicity of ENP in GI system. ZnO and 
Ag NPs were selected in this study to investigate the toxic effect on Caco-2 cells at 
low and high doses, which were measured by the MTT assay. To mimic the digestion 
process in stomach, NPs were exposed to gastric fluid and then neutralized by 
NaHCO3 prior to being used to study the biodurability of ENP in GI tract, in which 
foods contaminated with ENP are digested (Wiecinski and others 2009). 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Recent advances of nanotechnology in the food industry  
Nanotechnology is a rapidly growing area defined as the development at the 
atomic, molecular, or macromolecular levels which is approximately between 1 to 100 
nanometers in any dimension (Das and others 2008). At this length scale, the 
enhanced surface area per mass compared with large sized particles (Kalpana Sastry 
and others 2012) of the same composition may render innovative properties and 
functions of nanosized structure, device and system. Nanotechnology shows great 
potentiality in various ways of life and has been applied in many fields, such as 
electronics, agriculture, medicine, cosmetics. In the food industry, the potential of 
nanotechnology was recognized a decade ago in enhancing food quality by 
introducing nanomaterials into the packaging material (Sonkaria and others 2012). 
One of the first inventions in nano-scale was the thin edible coatings containing 
inorganic nanomaterials, which can form a moisture/oxygen barrier to extend 
shelf-life (Beyer and others 1998; Sonkaria and others 2012). Nanoencapsulation of 
pesticides that releases the pesticides to the stomach of insects contributes to 
minimizing the contamination of crops and vegetables by pesticides (Das and others 
2008).  
Nanotechnology can also be used in other challenging areas in Food Science 
such as detection of foodborne pathogens by nanosensors. The invisible nanosensors 
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are embedded in packaging materials to respond to pathogen contaminations and 
offering real-time status of food freshness. The incorporation of active nanoscale 
components in food packaging for sensing and signaling relevant information opens 
up a new route for applications (Das and others 2008; Sekhon 2010). This literature 
review focuses on the potential of nanotechnology in different sections of the food 
supply chain to identify new emerging areas.  
 
2.1.1 Benefits of nanotechnology in agriculture  
Agricultural production and food processing have been developed for centuries 
and new technologies play a critical role in improving these activities. 
Nanotechnology emerged some decades ago and quickly became an area of interest 
with rapid development in applications. Food scientists anticipate that nanotechnology 
could be a useful tool in several aspects of food science, from food production, food 
processing, food packaging, food safety, food quality to the consumption (Das and 
others 2008).  
In agriculture, nanotechnology plays a crucial role in maximizing output by 
minimum use of agro-chemicals, such as fertilizers, pesticides, and herbicides (Das 
and others 2008; Chen and Yada 2011). For example, generic fertilizers like 
ammonium bicarbonate and urea are susceptible to decomposition and hydrolysis, 
leading to the production of byproducts in soils such as nitrogen, ammonia. 
Nano-fertilizers made by incorporating nano-carbon constituents, nano-graphite and 
5 
carbon-colossol (Liu and Zhang 2008) make it possible to increase its efficiency and 
thereby reduce the amount of fertilizer usage. The incorporation of nanomaterials in 
the structure of ammonium bicarbonate enables a more stable structure in aspects of 
thermal and water properties (Sonkaria and others 2012). Due to the improved 
stability against degradation in the environment, the efficiency of active substances 
would be increased, while reducing the amount applied. Besides, the nanoscale 
delivery vehicles can be designed to be taken up by crops via controlled release, thus 
avoiding overdose problems. With less usage of agro-chemicals, their contamination 
on foods can be minimized, at the same time, the considerations of potential pollution 
to the environment is likely to be reduced (Chen and Yada 2011).  
    Beside agro-chemicals that may possibly contaminate foods, water resource is 
another important part that may be contaminated by human activities. Common 
contaminants include food- and water-borne pathogens, metals, agrochemical residues, 
nanomaterials, and other substances. Nanoscale materials have been utilized for 
improving water safety and quality due to anti-microbial activities of nanomaterials. 
Because many countries do not have sufficient facilities for chemical-based 
disinfection of water, metallic nanoparticles can be an alternative disinfection method 
that requires no expensive facilities, but provides excellent antimicrobial activities. 
For instance, nanosilver has been used in microbial disinfection, which is one of the 
promising nanoparticles against a wide range of microorganisms (Chen and Yada 
2011).  
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2.1.2 Benefits of nanotechnology in food processing 
There has been increasing applications of nanotechnology in food processing, 
such as food encapsulation, maintenance of food texture, and improvement of taste. 
Specifically, nanoencapsulation is an important technique in food nanotechnology, it 
can be used in controlled release of food ingredients, drugs, nutraceuticals, and 
various bioactive agents. The controlled release prevents bioactive substances from 
immediate degradation until reaching the target site, controls the rate of release and 
prolongs the active duration (Prakash and others ). The nanocapsules will not break 
down until they reach target site. Thus, nanoencapsulation helps enhance the 
functionality and stability of bioactive ingredients. For example, nanoencapsulation of 
probiotics and its application in the food industry has been reported. Probiotics are a 
mixture of beneficial bacterial species that can be used in fermented milk, yogurts, 
cheese, and other dairy products. Nanoencapsulated forms of the probiotic bacteria 
ensure that they can be directly delivered to certain parts of GI tract (Sekhon 2010). 
Nanoencapsulation can achieve targeted delivery of nutrient, protect active 
ingredients and hence increase the bioavailability (Prakash and others ; Sekhon 2010). 
It is reported that a patent about probiotic bacteria coated with nanomaterials has been 
approved and explored as a food supplement (Chung and others 2008). Food scientists 
have developed a triple coating for lactic acid bacteria. The coating includes a protein 
coating (e.g. soya isolate), a polysaccharide coating (e.g. xanthan gum) and a 
nanoparticle coating (e.g. solid lipid nanoparticles). Studies show that the 
triple-coated bacteria maintain their resistance in the increased heat, acid, or bile 
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environment and keep nutritionally active as well. Hence, the triple-coated bacteria 
can be applied as food supplements in dairy products, such as fermented milk 
(Sonkaria and others 2012).  
    Food quality control is extremely important in food processing because of the 
high demand from consumers and the regulations set by the government for ensuring 
food safety. Nanosensors can provide useful signals by tracking food contaminants 
throughout the food processing chain (Prakash and others ). For example, Canadian 
scientists have developed a nanosensor consisting of nanoparticle polymers for 
monitoring grain quality. This nanosensors can be used for detecting the spoilage of 
foods (Neethirajan and others 2009).  
 
2.1.3 Benefits of nanotechnology in food packaging 
In recent years, the potential uses of nanotechnology have been identified in 
almost every segment of the food industry, from food processing (e.g. encapsulation) 
to food packaging (e.g. antibacterial container, polymer films). Undeniably, 
applications of nanotechnology in food packaging are the most developed area for 
recent research and development. The goal of food packaging aims at minimizing the 
physical and chemical changes during food storage, and preserving the original 
texture, taste, and flavor. These goals can be achieved with the aid of food 
nanotechnology. Various applications of nanotechnology in food packaging have been 
investigated, including: 
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(1) nanomaterial incorporated in food contact materials to improve properties 
(e.g. gas barrier properties, temperature/moisture stability (Momin and others 
2012));  
(2) “active” packaging embedded with antimicrobial nanoparticles or 
nanomaterials with possesses or oxygen scavenging properties (Espitia and 
others 2012; García-García and others 2013);  
(3) “smart” or “intelligent” packaging containing nanosensors for detecting and 
signaling microbial and biochemical changes, or releasing antioxidants, 
chemicals or enzymes to extend shelf-life (Arshak and others 2007; Pereira 
de Abreu and others 2012);  
(4) biodegradable composites (e.g. clay) by introduction of organic or inorganic 
nanoparticles into biopolymer matrix as an ideal packaging materials to 
improve barrier properties (Azeredo 2009).  
As discussed previously, nanosensors are an emerging technology that attracts 
much interest. The nanosensors are able to detect or respond to environment changes, 
such as temperature, humidity, oxygen lever, degradation or microbial contamination. 
When integrated into food packaging, nansensors may provide high sensitivity to 
detect certain chemical compounds, pathogens, or toxins in foods, and monitor 
real-time status of food freshness. The industrial developments for smart food 
packaging involve oxygen, freshness, pathogen and other indicators. For example, 
most enzymatic or chemical reactions can be detected from the color change by 
nanosensors used as an O2 indicator. When the oxygen concentration exceeds the limit 
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established for a certain food product, the color change will alert suppliers and 
consumers (Pereira de Abreu and others 2012). Moreover, scientists have developed 
an UV-activated colorimetric oxygen indicator utilizing TiO2 NPs to photosensitize 
the reduction of methylene blue by triethanolamine in a polymer encapsulation 
medium under UV light. Upon UV irradiation, the color of nanosensor changes from 
original blue to colorless. When the nanosensor is exposed to oxygen, its original blue 
color is restored. A relationship can be found between the rate of color recovery and 
the level of oxygen exposure (Lee and others 2005).         
There is a great potential for applications of nanotechnology in the food industry. 
This literature review summarizes several of the most promising applications of 
nanotechnology in agriculture, food processing, and food packaging. Nevertheless, 
nanotechnology is still a new area and more innovations will emerge in the coming 
years. 
 
2.1.4 Regulations of nanotechnology  
Nanotechnology is becoming increasingly important for the food industry. It 
could be a useful tool to design smart food systems by saving the cost for food 
production, extending the shelf-life, maintaining the food quality, and protecting the 
stability of nutrients in food products.          
Despite rapid developments in food nanotechnology, insufficient data were 
obtained about the occurrence, fate, and toxicity of nanomaterials (Sekhon 2010). 
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Uncertainty exists over the regulations of nano-scale products largely due to a lack of 
necessary safety studies at present. Therefore, there is an urgent need to provide 
guidelines for testing nano-scale foods. It is worth mentioning that little is known on 
the safety of food-packaging materials containing nanomaterials even though the 
packages are not normally ingested by consumers (Sozer and Kokini 2009). Currently, 
there is no specific regulation for controlling or limiting food production by 
nanotechnology or incorporating nanomaterials in foods or packaging.  
The US Food and Drug Administration (FDA) require the manufacturers to 
include the information that food ingredients and food products would pose harm to 
human health, but not specifically mention “nanotechnology” or “nanomaterials 
contained” (Sozer and Kokini 2009). Thus, food nanotechnology presents a challenge 
for both government and industry. Regulatory agencies, such as FDA, should provide 
detailed guideline with respect to the criteria on evaluating the safety of foods and 
food packaging when nanotechnology is involved (Sekhon 2010).  
 
2.2 Major engineered nanoparticles and their applications 
    Over recent decades, among various nanomaterials, engineered nanoparticles 
(ENP) have been widely used and increasingly explored. The nanosized materials can 
be classified into four major categories: carbon-based, metal-based, dendrimers and 
composites. Among these four types, nano-metals like nanosilver, as well as 
nano-metal oxides like zinc oxide NPs have been thoroughly explored (Das and others 
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2008). ENP are currently used in a wide range of applications because their small size 
offers novel features and properties in comparison to larger particles (Radad and 
others 2012). The applications of ENP in various areas are discussed below. 
 
2.2.1 Silver nanoparticles  
    Metal nanoparticles (NPs) like silver nanoparticles (Ag NPs) have gained much 
interest over several decades due to their remarkable properties. To date, applications 
of commercialized Ag NPs are at the highest level compared with applications of 
other NPs. A variety of Ag NPs applications emerged in consumer products ranging 
from disinfecting medical devices to water treatment. Besides, their optical scattering 
properties shows great potential in bio-sensing and imaging applications (Ahamed and 
others 2010).  
    The antimicrobial spectrum of Ag NPs is broader than any common antibiotics. 
Hence, Ag NPs are widely used in wound therapy. For instance, wounds caused by 
extensive burns require plenty of external medicines, which may have side effects on 
the body. Wound dressings coated with Ag NPs can be a novel anti-infective dressing 
with no toxic components (You and others 2012). Nanocrystalline silver wound 
dressings have been applied in clinical use for over a decade (Chaloupka and others 
2010). Nanocrystalline silver dressings prolonged the duration of wound healing and 
increased bacterial clearance from infected wounds. Reports show that no adverse 
effects were observed for the dressings (Huang and others 2007).  
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Furthermore, Ag NPs are stable at high temperature and have low volatility, 
which enables them to be the most frequently used material in food packaging. 
Previous studies indicate that Ag NPs coated with polysaccharide films provide both 
surface protection and antibacterial functions for fresh products such as vegetables 
and fruits. This prevents weight loss and protein loss and also inhibits microbial 
growth, thereby prolong the shelf-life of fresh food products (Mohammed Fayaz and 
others 2009). Silver zeolites, with trade name “Zeomic” (Sinanen Zeomic Co. Ltd), 
are one of the commercial NPs integrated in active packaging film. This material has 
been approved by the FDA for food contact use. Silver zeolites from Agion 
Technologies have been approved for use by the European Food Safety Authority 
(EFSA) for food packaging applications (Silvestre and others 2011). 
 
2.2.2 Zinc oxide nanoparticles  
More recently, ENP are increasingly produced due to rapid developments in 
nanotechnology. This is to meet the needs in promising fields such as agriculture and 
medical science. Metal-based NPs are the most studied ones among four categories of 
nanomaterials. ZnO NPs are one of well-developed NPs and have been applied in 
cosmetics, sensors, electronics, food packaging and the medical industry (Lee and 
others 2012). ZnO NPs possess several advantages that make them desirable for an 
immunosensor, including high isoelectric point, biocompatibility, positive charge, 
high chemical stability, and high electron transfer capability (Wang and others 2006; 
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El-Ansary and Faddah 2010). For example, nanostructured ZnO has been used for 
immunosensor applications based on a biosensor using ZnO nanocombs for glucose 
detection. Glucose oxidase, an enzyme for glucose detection, was immobilized on 
ZnO nanocombs. Immobilized glucose oxidase showed high affinity, which can be 
used as ZnO nanocomb biosensors with high sensitivity for glucose detection (Wang 
and others 2006). 
    Owing to their inherent cytotoxicity against cancer cells, ZnO NPs have been 
considered for use in cancer therapy. Another important feature of ZnO NPs is to 
induce oxidative stress which can lead to cell death. Besides, the ability of NPs to 
target specific locations in the body is an essential advantage for drug delivery. Based 
on the properties of ZnO NPs, ZnO quantum dots (QDs) loaded with anti-cancer 
agents have been proven to be an effective drug carrier (Rasmussen and others 2010). 
Scientists tried to synthesize QDs loaded with anti-cancer agents and encapsulated 
them with biocompatible polymer (e.g. chitosan), which can be a system to deliver 
tumor-targeted drugs. Results show that chitosan enhanced the stability of ZnO QDs 
and the drug-loading efficiency was up to 75% (Yuan and others 2010), indicating a 
great potential of applying NPs in medical science and other areas. 
 
2.3 Potential hazards of engineered nanoparticles 
ENP possess unique properties that differ from their macro-scale counterparts 
which may result in unpredictable safety problems and exposure risks. The main 
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characteristic of ENP is their nanoscale-size, which can modify the physicochemical 
properties of ENP. The nano-sized ENP increased the opportunity for uptake and 
interaction in living cells, possibly generating adverse biological effects (Nel and 
others 2006). However, little is known about the toxicity and mechanism of ENP 
when they are exposed to human.  
For example, long term exposure to carbon NPs may lead to pulmonary 
inflammation as NPs diffuse from lung to the surrounding blood vascular tissues 
(Brown and others 2000; Nemmar and others 2002). High dose exposure of insoluble 
titanium dioxide (TiO2) NPs by inhalation could also cause pulmonary inflammatory 
(Oberdörster and others 1994). Some ENP, such as TiO2, ZnO, and Ag NPs have been 
shown to penetrate cellular surface and induce oxidative stress to the cells (Manke 
and others 2013). The mechanisms of cytotoxicity of ENP are not fully understood, 
but it is believed that the generation of reactive oxygen species (ROS) plays a major 
role. When the cells are exposed to ENP, cellular defense mechanisms are activated. 
Once the production of ROS exceeds defensive capacity of cells, oxidative stress may 
occur and cause cell death (Rasmussen and others 2010).  
    Oxidative stress is a three-tier model. Tier 1 involves that the production of 
antioxidant enzymes is triggered to activate the initial cell defense. After that, in tier 2, 
an increase of potent pro-inflammatory cytokines causes inflammation. Tier 3 
engenders mitochondrial perturbation and eventually cellular death by apoptosis or 
necrosis (Nel and others 2006). Accordingly to this model, cells and tissues release 
antioxidant enzymes and activate non-enzymatic antioxidant system against the 
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increasing levels of ROS production (Manke and others 2013).  
Potential exposure of ENP to human may be through inhalation, oral or dermal 
routes (Aydın and others 2012). According to previous studies, due to their nanoscale 
sizes, ENP can enter human body through the lungs, GI tract, or skin by injection and 
implantation, causing serious diseases in systemic organs, such as brain, liver, kidney, 
or even blood vessels (Radad and others 2012). 
 
2.4 Assessment of exposure risk to engineered nanoparticles 
Considering increasing production of ENP and their applications in a wide range 
of industrial and public sectors, their risks to human health must be assessed. Because 
ENP may affect humans through several routes, significance of dose, dose time, dose 
rate, dose route, biokinetics are very important parameters for the safety evaluation of 
ENP (Aydın and others 2012). The main risk assessment of ENP consists of exposure 
assessment and hazard identification (Geraci and Castranova 2010). Exposure 
assessment mainly includes the determination on exposure settings, routes of 
exposure, time of exposure, and exposed population when ENP are involved in the 
manufacturing of product (Abbott and Maynard 2010). Exposure assessment plays a 
critical role in investigating toxic effect of foods contaminated by ENP. Hazard 
identification is another essential step in risk assessment. Currently, hazard 
identification can be investigated by in vitro assays, in vivo assays, and human 
epidemiological studies (Radad and others 2012). In particular, in vitro assay is a 
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widely used method for risk assessment of ENP for the following reasons: (i) it 
studies the toxic effects of ENP on specific genes, proteins, or other bioactive 
molecules, and facilitates the testing to a larger scale extent (Radad and others 2012); 
(ii) it assists in discussing the toxic mechanisms of ENP when they are exposed to 
human body.  
 
2.4.1 Simulated gastric fluid (SGF) 
The GI tract represents a complicated microenvironment when ENP enter human 
body by oral route. It contains a variety of enzymes and has different ionic strength, 
which may alter both chemical and colloidal stability of ENP (Gamboa and Leong 
2013). Through oral route, the barriers include GI environment, enzymes, the mucus 
layer and the tight junctions of the epithelium (Cencič and Langerholc 2010). One of 
the major barriers is the acidic environment of GI tract, including the stomach and the 
intestines. The pH of stomach may range from 1.0 to 2.5, and increases to a range 
from 6.6 to 7.5 at the end of ileum of small intestine. The pH variation in GI tract may 
have an impact on physical, chemical and biological characteristics of ENP. The 
gastric fluids present an obstacle for ENP as ingested in human body (Gamboa and 
Leong 2013).  
Simulated gastric fluid (SGF) provides a medium that is representative of the 
fluid in GI tract and is applicable in the toxicity study of ENP. It imitates the process 
how ENP react with the fluid in GI tract and can be utilized in preliminary tests on the 
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potential behavior of ENP in intestinal environment after oral delivery (Gamboa and 
Leong 2013).  
 
2.4.2 In vitro model in GI tract 
In vitro methods are common in modeling the potential interactions between 
ENP and in vivo environment (e.g. GI), also in conducting the risk assessment on 
exposure to ENP using various human cell lines.  
Cell models of the gut have been developed to functionally simulate the in vivo 
situation. The gut is a complex environment with various cell types and microbiota, 
cell models should be based on as many relevant factors as possible (Cencič and 
Langerholc 2010). One of the important factors is the expression of tight junctions 
between adjacent cells for the formation of epithelial barrier, integrity, and polarity 
(Shin and others 2006). In most studies about the gut, human colon tumorigenic cell 
lines such as Caco-2, T84, and HT-29 have been widely used for cell viability assays, 
attachment assays, and mechanistic studies. The human epithelial colorectal 
carcinoma cell lines, such as Caco-2 cells, are typically representative epithelial cell 
type in the gut. Caco-2 cells were isolated from a 72-year old Caucasian male. Upon 
reaching confluence, Caco-2 cells can express enterocytic differentiation and 
functionality (Cencič and Langerholc 2010).  
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Nanoparticle materials 
ZnO NPs with average size of 76 nm in diameter were purchased from Alfa 
Aesar (Ward Hill, MA, USA) with a concentration of 12 M. Silver NPs were prepared 
by chemical reduction method (Ratyakshi and Chauhan 2009). All solutions of 
reacting materials were prepared to stock solutions in deionized distilled water. In a 
typical procedure, 300 mL of 0.001 M AgNO3 was heating to boiling temperature. 
Then 300 mL of 20 mM sodium citrate was added to the AgNO3 solution. During this 
process, the entire solution was mixing vigorously for ~8 min until color changed to 
greenish yellow. Then it was cooled down immediately until the temperature was 
below 70oC. The final concentration of Ag NPs was 0.92 mM, 90% of solvent was 
removed to make a final concentration of 9.2 mM with an average diameter of 38 nm. 
The mechanism of reaction could be expressed as following reaction equation 
(Ratyakshi and Chauhan 2009). The NP-free solutions were prepared by using a 
syringe assembled with 20 nm pore sized membranes (Whatman Inc., Clifton, NJ, 
USA). 
4Ag++ C6H5O7Na3 + 2H2O → 4Ag
0+ C6H5O7H3+ 3Na
++ H++ O2↑ 
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3.2 Preparation of Caco-2 cell culture 
A human colon carcinoma cell line, Caco-2, was purchased from the American 
Type Culture Collection (ATCC). The established Caco-2 cells were grown as 
monolayer in Eagle’s minimum essential medium (MEM, GIBCO) supplemented with 
20% fetal bovine serum (FBS, Hyclone) and 1% antibiotic antimycotic solution 
(containing 10,000 units/mL penicillin G, 10 mg/mL streptomycin sulfate and 25 
μg/mL amphotericin B, GIBCO).  
Caco-2 cell culture was usually cultivated in 75 cm2 flasks. When confluent 
monolayers were grown to 70-80% confluency, they should be subcultured by rocking 
to wash with 10 mL 0.2% EDTA in Ca2+- and Mg2+- free phosphate buffered saline 
(PBS, GIBCO). PBS was then removed and replaced with 2 mL of 0.25% trypsin. The 
majority of 0.25% trypsin was removed and the remaining was incubated at 37oC for 
3 min, which could hydrolyze peptide bonds between Caco-2 cells. Cells were 
separated by gently knocking the flask with hand. After that, 6 mL Eagle’s MEM were 
added in solution containing Caco-2 cells, mixed uniformly and distributed equally in 
three cell culture flasks. A volume of 15 mL of Eagle’s MEM was added in each of 
three flasks, then the cell cultures were incubated in a 5% CO2 humidified incubator 
at 37oC for three or four days.  
For all experiments, cells were seeded at density of 104 cells/mL (0.1 mL/well) 
onto 96-well plates by trypsinizing and centrifuging at 500 rpm for 5 min and 
cultivated in ambient atmosphere for 48 h. NPs at different concentrations were added 
to cells and incubated for 24 h. The toxicity of NPs on Caco-2 cells was then 
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measured by the MTT assay. 
 
3.3 Exposure of Caco-2 cells to ZnO and Ag NPs 
ZnO NP stock solutions were diluted to working concentrations (1, 3, 6, and 12 
mM) in Eagle’s MEM. Ag NP stock solutions were also diluted to working 
concentrations (0.1, 0.5, 1.5, and 3 mM) in Eagle’s MEM. Media were removed from 
Caco-2 cells cultured in 96-well plates, and then different concentrations of ZnO and 
Ag NPs, 1% of original NP-free solutions were immediately dosed to Caco-2 cells 
with 150 μL/well of NPs and incubated at 37oC for 24 h.  
 
3.4 Preparation of simulated gastric acid (SGF) 
The simulated gastric fluid (SGF) with pH of ~1.2 was prepared by dissolving 
2.0 g of sodium chloride (NaCl) in 7.0 mL hydrochloric acid (HCl), and sufficient 
water was added to make 1 L of solution (Wang and others 2008). ZnO and Ag NPs in 
different concentrations were exposed to SGF for full reaction and then incubated at 
37oC for 3 h. The solution was neutralized by sodium bicarbonate (NaHCO3) and 
adjusted to pH 7.5. Neutralized solution was adjusted to specific concentrations and 
dosed to Caco-2 cells. 
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3.5 Cell viability (MTT assay) 
The MTT assay is a colorimetric method for measuring the activity of cellular 
enzymes which can reduce the yellow tetrazolium salt (MTT), to its purple formazan 
crystals in the mitochondria of living cells (Wang and others 2008). The absorbance 
of this purple solution can be quantified by measuring at a certain wavelength by a 
spectrophotometer. This conversion can be directly related to the number of living 
cells. After the cells were incubated with NPs for 24 h, the media were gently 
removed and replaced with 0.1 mL of Eagle’s MEM. Then 10 μL of MTT reagent was 
added to each well including the controls, followed by incubation for 2 to 4 h. When 
the purple precipitate was clearly visible under microscope, 100 μL of detergent 
reagent (sodium dodecyl sulfate) was then added to all wells. The 96-well plates with 
covers were stored overnight in the dark at room temperature. After formazan crystals 
fully dissolved during the incubation period, the absorbance of the solutions was 
measured at 570 nm using a spectrophotometer. 
 
3.6 STEM characterization of NPs in Caco-2 cells 
After treatment with 3 mM of Ag NPs for 24h, culture flasks were washed many 
times with phosphate buffer to get rid of excess unbound nanoparticles. Both detached 
and adherent cells were then collected and washed 4 to 5 times in phosphate buffer 
and fixed in a primary fixative solution (2% paraformaldehyde, 2% glutaraldehyde, in 
0.1 M sodium cacodylate buffer (pH = 7.35)). Next, fixed cells were pelleted, 
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embedded in 10 μL of Histogel agar (Thermo Scientific Richard-Allen Scientific) and 
were rinsed with 0.1 M sodium cacodylate buffer (pH = 7.35) containing 10 mM 
2-mercaptoethanol (Sigma Aldrich, St. Louis, MO) and 130 mM sucrose (2-ME 
buffer). By using a Pelco Biowave (Ted Pella, Inc. Redding, California), the 
specimens were placed into a secondary fixative solution (1% osmium tetroxide in 
2-ME buffer) and incubated at 4oC for 1. After the secondary fixation, the specimens 
were rinsed with 2-ME buffer and further with distilled water. A graded dehydration 
series was performed using ethanol, transitioned into acetone, and dehydrated tissues 
were then infiltrated with Epon/Spurr’s resin and polymerized at 60oC overnight.   
Sections were cut to a thickness of 85 nm using an ultramicrotome (Ultracut UCT, 
Leica Microsystems, Germany) and a diamond knife (Diatome, Hatfield PA).  
Images were acquired at an accelerating voltage of 300 kV on the FEI Tecnai F30 
Twin transmission electron microscope (FEI Co., Hillsboro, OR) equipped with 
Fischione 3000 high angle annular dark field STEM Detector (E.A. Fischione 
Instruments, Export PA). The instrument was aligned in STEM diffraction mode at 
spot size 6 using a camera length of 130 mm. X-ray energy dispersive spectroscopy 
was performed using an Oxford EDX Model 6763 Detector (Oxford Instruments, 
Concord MA) with a 10 eV/channel dispersion and approximate dead-time of 20 %.  
 
3.7 Statistical analysis 
The results reported in the figures were expressed as mean ± standard deviations 
(SD) of at least three independent experiments using cells from different cultures. 
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Statistical analyses were conducted using a two-sample t-test by SPSS software 
(IBM). The values were considered significant at p< 0.05. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Characterization of Caco-2 cell culture 
    Caco-2 cells were cultivated as monolayers on plastic surfaces in a 5% CO2 
humidified incubator at 37oC. As shown in Figure 4.1, upon 70% to 80% confluency 
was achieved in culture flasks and Caco-2 cells were passaged. It usually takes 4 days 
until next passage. In Figure 4.1a and 4.1b, most cells were suspending in Eagle’s 
MEM. After 24 to 48 h growth time, cell proliferation resulted in the formation of a 
coherent, well-organized monolayer and proper tight junctions (Figure 4.2) between 
the adjacent epithelial cells. The cells also had microvilli that formed a border (Figure 
4.3).  
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Figure 4.1 Images of Caco-2 cell culture a) Day 1; b) Day 2; c) Day 3; d) Day 4. 
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Figure 4.2 TEM image of Caco-2 cells. 
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Figure 4.3 TEM image of Caco-2 cell microvilli. 
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4.2 TEM images of ZnO and Ag NPs 
ZnO and Ag NPs were suspended in ethanol and dried on grids to investigate the 
size and morphology by TEM (Figure 4.4 and 4.5). ZnO NPs observed under TEM 
are in various shapes and tend to aggregate with each other (Figure 4.4). Based on 
further analysis of TEM images by Image J, the size distribution of ZnO NPs was 
generated (Figure 4.6). The majority of ZnO NPs measured fell in the range of 40 to 
80 nm in diameter with an average size of 76 nm in diameter. Otherwise, most Ag 
NPs were either round- or oval-shaped. Different degrees of agglomeration were 
common in Ag NPs (Figure 4.5), which occur in the majority of ENP due to high 
surface activity (Skebo and others 2007). The size distribution of Ag NPs was also 
shown (Figure 4.7). Most Ag NPs fell in the range of 35 to 40 nm in diameter with an 
average size of 38 nm in diameter. It is well known that at the nano-size, both ZnO 
and Ag NPs exhibit antimicrobial activities. Besides, ZnO NPs can be applied in 
biomedical and cancer applications based on their high stability and inherent 
preferential cytotoxicity against cancer cells (Rasmussen and others 2010). The 
results suggest that TEM is an efficient and simple method in determining the size and 
morphology of ZnO and Ag NPs, which is an important technique in assessment of 
ENP properties. 
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Figure 4.4 TEM image of zinc oxide nanoparticle (ZnO NP) suspension. 
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Figure 4.5 TEM image of silver nanoparticle (Ag NP) suspension. 
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Figure 4.6 Size distributions of ZnO NPs with an average size of 76 nm in diameter. 
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Figure 4.7 Size distributions of Ag NPs with an average size of 38 nm in diameter. 
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4.3 Cytotoxic effect of ZnO NPs on Caco-2 cells 
Caco-2 cells were exposed to different concentrations of ZnO NPs ranging from 
1 to 12 mM for 24 h. Cell viability was investigated by the MTT assay that is based 
on measuring the mitochondrial activity of cells. As shown in Figure 4.8, ZnO-free 
solution and 1 mM ZnO NP solution have no significant toxicity on Caco-2 cells. 
However, the relative viability of Caco-2 cells treated with 3, 6, and 12 mM ZnO NP 
solutions was significantly lower than the control, which induced strong cytotoxicity 
with cell viabilities lower than 32% at 12 mM ZnO NPs.  
The oxidative stress may be a key mechanism for cell damage caused by ENP 
when exposed to cells (AshaRani and others 2008; Kim and others 2009; De Berardis 
and others 2010). Although the mechanisms are not fully understood, the root of 
mitochondrial dysfunction is due to the production of reactive oxygen species (ROS), 
subsequently causing oxidative stress (AshaRani and others 2008). During the 
oxidative phosphorylation, oxygen is reduced to water by accepting addition of 
electrons through the respiratory chain. Some of these electrons may escape from the 
chain and are accepted by molecular oxygen to form extremely reactive superoxide 
anion radical (O2
-), which may convert to hydrogen peroxide (H2O2) and in turn it 
may be reduced to water or partially reduced to hydroxyl radical (OH) that is one of 
the strongest oxidants in nature (AshaRani and others 2008). As explained in ROS 
oxidative stress model (Manke and others 2013), when ENP interact with cells, it may 
increase the production of superoxide anion by blocking the electron transport or 
accepting an electron and transferring to molecular oxygen, ultimately resulting in the 
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increase of ROS level (Turrens 2003). Once ROS accumulation exceeds antioxidant 
defensive capacity of cells, oxidative damage may occur and lead to mitochondrial 
dysfunction (AshaRani and others 2008), and even cell death (Rasmussen and others 
2010).  
However, the role of Zn ions in cytotoxicity is still debatable. There are some 
studies demonstrating that dissolution of ENP and subsequently releasing of metal 
ions can enhance ROS response (Manke and others 2013). 
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Figure 4.8 Cytotoxic effect of ZnO NPs on Caco-2 cell viability. 
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4.4 Cytotoxic effect of Ag NPs on Caco-2 cells 
Figure 4.9 shows the cytotoxic effect of Ag NPs on Caco-2 cells. Cells treated 
with different concentrations of Ag NPs showed a dose-dependent decrease of relative 
cell viability. At the concentration of 0.1 mM of Ag NPs, there was no significant 
difference in cytotoxicity compared to the control group. This toxic effect was 
particularly evident at concentrations of 0.5, 1.5, and 3 mM of Ag NPs, which were 
significantly lower than the control. 
The trend of cytotoxicity is similar among various types of Ag NPs (Jin and 
others 2008). Oxidative stress is the key mechanism and one of the largest concerns in 
NP-induced toxicity (Kim and others 2009). Ag NPs can also induce intracellular 
oxidative stress when cells are exposed to high concentration of Ag NPs.  
However, the mechanism of cytotoxicity of Ag NPs was still debatable on the 
release of Ag+ ions. Based on previous studies, both Ag NPs and AgNO3 were 
deionized through ion exchange resin. In their results, the deficiency of free Ag+ ions 
existed in the Ag NP solutions, but an evident decrease of Ag+ ion concentration was 
observed in the solution of AgNO3 (Kim and others 2009). It is also indicated that 
both Ag NPs and Ag+ ions have a similar toxic effect on human hepatoma cells (Kim 
and others 2009). The findings suggest that the toxicity of Ag NPs may be due to an 
intrinsic effect. However, we cannot exclude the possibility that Ag NPs may release 
Ag+ ions into the culture media. Therefore, it is necessary to pay more attention to the 
toxicity of Ag and ZnO NPs while embracing their antimicrobial properties.  
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Figure 4.9 Cytotoxic effect of Ag NPs on Caco-2 cell viability. 
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4.5 Cytotoxic effect of SGF-treated ZnO NPs  
In a human body, ingested foods are usually affected by pH changes in the 
surroundings, including gastric phase (pH = ~2) and intestinal phase (pH = ~7.5) 
(Wiecinski and others 2009). During digestion process, food is ingested and passes 
through esophagus into stomach, then protein digestion starts and the release of 
hydrochloric acid (HCl) is stimulated which lasts for about 0.5 to 4 h (Wang and 
others 2008). After that, partially digested foods enter the duodenum, while gastric 
acid is neutralized by sodium bicarbonate secreted by the pancreas (Seidler and others 
2000; Wang and others 2008). Then food continues to be transported into small 
intestine and full absorption of nutrients occurs.  
In this study, when SGF-treated ZnO NPs were dosed to Caco-2 cells at 
concentrations of 3, 6, 12 mM, the cytotoxicity of ZnO NPs was fully weakened 
(Figure 5.0). This result may be due to the release of Zn ions, after adding hydrogen 
carbonate to the SGF-treated solution, abundant white flocculent precipitates were 
generated due to the formation of zinc carbonate precipitates (Wang and others 2008). 
This transferred all of Zn2+ ions to precipitates. This phenomenon may also indicate 
that Zn2+ ions exist in ZnO NP solutions.  
Previous studies demonstrate that under a specific environment such as acidic 
environment, appreciable NP dissolution can occur (Rasmussen and others 2010). 
However, the possibility of Zn ions present in ZnO NP solutions and the role of Zn 
ions in the toxicity of ZnO NPs are still unclear and future research is needed in this 
area.  
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Figure 5.0 Influence of SGF treatment on the toxicity of ZnO NPs on Caco-2 cells. 
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4.6 Cytotoxic effect of SGF-treated Ag NPs 
To investigate the effect of SGF treatment on the cytotoxic property of Ag NPs, 
Ag NPs were exposed to SGF for 3 h. Compared to the relative viability before SGF 
treatment (Figure 4.9), the MTT assay indicates that there is no significant difference 
before and after SGF treatment (Figure 5.1). This result illustrates that under an acidic 
environment, there is no chemical reaction between SGF and Ag NPs. 
    Because of deficiency of Ag+ ions in Ag NP solutions (Kim and others 2009), it 
can explain that no chemical reaction between Ag NPs and SGF. Therefore, SGF 
treatment has no effect on the toxicity of Ag NPs against Caco-2 cells.  
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Figure 5.1 Influence of SGF treatment on the toxicity of Ag NPs on Caco-2 cells. 
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4.7 Penetration of NPs into Caco-2 cells 
To investigate if the NPs can penetrate the membrane of Caco-2 cells, scanning 
transmission electron microscope (STEM) analysis was conducted using a human 
colon carcinoma cell line, Caco-2 cells treated with 12 mM ZnO and 3 mM of Ag NPs 
for 24 h. The EDS analysis was also conducted to measure the elemental composition 
of the NPs.  
The untreated cells show no abnormalities (Figure 5.2). The EDS results confirm 
that no NPs were detected in Caco-2 cells. Additionally, a trace amount of element (S, 
Cl, Cu) shown in the EDS results may be due to the contamination during sample 
preparation.  
Figure 5.4 shows clumps of Ag NPs that have penetrated the membrane of 
Caco-2 cells and some Ag NPs were shown in clumps in the cytoplasm of Caco-2 
cells. However, magnified image (Figure 5.5) demonstrates that Ag NPs were present 
as individual nanoparticles, instead of aggregates, within the clump. The results 
indicate that Ag NPs entered the cells through endocytosis rather than diffusion. The 
profile of EDS was found that those bright dots were consisted of Ag element (Figure 
5.6). However, in the Caco-2 cells treated with ZnO NPs, the penetration of ZnO NPs 
was not observed and no ZnO NPs were detected by electron microscopy in the 
cytoplasm of cells (data not shown). This may be due to the fact that the size of ZnO 
NPs was bigger than Ag NPs, which made them more difficult to penetrate into the 
Caco-2 cells.   
The Caco-2 cells treated with Ag NPs showed a significant decrease in cell 
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viability, probably because of the penetration of Ag NPs that affected the reduction in 
ATP production, led to generation of ROS and damages to the mitochondrial 
respiratory chain (AshaRani and others 2008).  
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Figure 5.2 STEM image of untreated Caco-2 cells. 
 
 
Figure 5.3 EDS result of untreated Caco-2 cells. 
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Figure 5.4 Penetration of Ag NPs in Caco-2 cells. 
 
 
Figure 5.5 Magnified image of Ag NPs in Caco-2 cells. 
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Figure 5.6 EDS result for Ag NPs in Caco-2 cells. 
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CHAPTER 5 
CONCLUSIONS 
5.1 Summary of the study 
    In recent years, the potential of nanotechnology has been highlighted in various 
food applications such as novel food packaging, pesticides for crops, ingredients for 
improving food textures, colors and tastes. Because of these innovative developments, 
the food industry is going through evolutions in food manufacturing, processing, 
packaging, transportation, and consumption (Cushen and others 2012). However, the 
introduction of nanotechnology in foods may also pose potential risks to humans and 
the environment. For example, it is worth noting that nanomaterials from food contact 
materials may migrate to foods. In addition, oral exposure to nanomaterials has not 
been thoroughly investigated. Thus, risk assessment must be carried out to study the 
toxicity of nanomaterials in foods (Cushen and others 2012).   
In this thesis, a systematic study was conducted in which enterocyte-like 
confluent Caco-2 cell lines were used as an in vitro model to determine the toxicity of 
ENP (i.e. ZnO and Ag NPs). The Caco-2 cells were exposed to different 
concentrations of ZnO and Ag NPs for 24 h and the cell viability was quantified by 
the MTT assay. To imitate the digestion process via the oral route, the pH change, 
including gastric phase and intestinal phase, was selected as the only variable to 
investigate the toxicity of ENP.  
The size, morphology, aggregation of ENP and the morphology of Caco-2 cells 
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were both investigated by TEM. Agglomeration was common in both ZnO and Ag 
NPs. Also, tight junction between adjacent Caco-2 cells and microvilli were observed 
by TEM. The toxicity results of ENP on Caco-2 cells (Figure 4.8 and 4.9) show that 
both ZnO and Ag NPs induced evident cytotoxicity at high concentrations compared 
to the control group. The oxidative stress is likely to be a key mechanism for cell 
damage caused by ENP. When ENP interact with cells, cellular defense mechanisms 
were activated and ROS level in mitochondria increased. As ROS accumulation 
surpassed antioxidant defensive capacity, cell mitochondrial dysfunction occurred.  
To mimic pH change in digestion process, ZnO NPs were treated with SGF for 3 
h, then SGF-treated solutions were neutralized and white flocculent precipitates (zinc 
carbonate) were generated. As a result, a decrease in the cytotoxicity of ZnO NPs was 
observed (Figure 5.0). However, the pH change has little impact on Ag NPs (Figure 
5.1). The cytotoxicity of Ag NPs with SGF treatment followed a similar pattern as Ag 
NPs without SGF treatment. These results indicate that the deficiency of free Ag+ ions 
in Ag NP solutions, but we cannot exclude the possibility of the release of Ag+ in the 
culture media.  
 
5.2 Future research directions 
Although ENP are increasingly studied and applied in various fields due to rapid 
developments in nanotechnology, currently there are no conclusive data 
demonstrating that the toxic effect of ENP will become a major problem to consumers. 
49 
There is an urgent need for the government and scientific community to evaluate the 
safety of ENP because currently there is no specific regulation established regarding 
the use or amount of ENP in food, and even no systematic approach has been 
conducted on detection of ENP. A proactive method is required, and the regulatory 
rules should follow from there.   
Although practical applications of nanotechnology in foods are still on the way, 
it is expected that nanotechnology could lead to a more efficient and sustainable food 
production process by which foods with high quality are obtained. Therefore, more 
research is needed to develop reliable risk assessment protocols for nanomaterials that 
may be are used in the food industry.  
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